The decay dynamics of ambient and low temperature liquid water has been investigated through all-atom molecular dynamics simulations, residence times 
distribution of decay times that also holds at low temperature. An explanation for such heterogeneity can be found at the nanoscopic level. Moreover it can be concluded that the distribution of times already reported for the dynamics of water surrounding proteins (β ≤ 0.5) can not be exclusively due to the presence of the biomolecule itself since isolated water also exhibits such behaviour. The above reported T s and β values quantitatively reproduce experimental data.
Introduction
Water affects every aspect of our lives. Being involved in nearly all processes it is the most common molecular substance. Although water is a very small molecule, its peculiar properties have a key role in many important physical, biological, chemical, and technical processes. Many of those unusual properties are attributable to the ability of its molecules to form hydrogen bonds with other water molecules forming extended three-dimensional networks. As a result, the dynamics of water will be dominated by the behaviour of the three-dimensional hydrogen-bonded network, parts of which are continuously rebuilt. [1] [2] Despite the relevance of liquid water in nature, many physical properties of this solvent are far from being fully understood. Macroscopic bulk water can remain liquid below its melting point down to approximately 232 -235 K 3-8 staying in a metastable phase 9 . This is possible because in the absence of a nuclei to induce crystallization that universal solvent can be cooled below its freezing temperature without crystallizing since the liquid-solid transition is first order. 10 Experimental evidence has been also found for the existence of metastable bulk liquid water down to temperatures of 227 K in micrometre-sized droplets. 7, [11] [12] . The dynamics of liquid water below 273.15 K attracts considerable interest since this particular type of water is present in nature in clouds and exhibits a relevant role in meteorological and atmospheric phenomena. [13] [14] [15] This special liquid is also of interest due to its technological importance in diverse areas as aviation 10 , commercial freeze-drying and lyophilisation 16 , cryopreservation 17 or pharmaceutics 18 .
Several thermodynamic (e.g. isothermal compressibility, thermal expansion coefficient, isobaric heat capacity) and dynamic (e.g. diffusivity, viscosity, structural relaxation) magnitudes of liquid water show an anomalous behaviour. 19 As the temperature decreases from 273.15 K the experimental values of these physical observables clearly diverge, with an extrapolated singular temperature T s of 228 K at ambient pressure. 20 This unexpected first observation has led to an intense curiosity and has promoted numerous experimental and theoretical studies. Both, experiments and computer simulations suggest that the singularity is a purely dynamical transition. [21] [22] However despite the wide interest and the numerous research efforts on this subject, the nature of the phenomena remain unclear and lively debated. 4, [23] [24] [25] [26] Experiments in the proximities of T s are extremely difficult due to ice formation processes. 27 Since, as stated above, the singular temperature has been estimated to occur at T s ≈ 228 K, the liquid must survive in its metastable state long enough to equilibrate, and the experimental observation time need to be smaller than the nucleation time.
Moreover small sample techniques are required to perform measurements under conditions of metastability. In principle those requirements are easier to meet in computer simulations of free water. The details of processes occurring at molecular length at different time scales can be studied using molecular dynamics simulations.
Those analyses provide information that is often difficult to obtain experimentally. In this aspect the decay dynamics of liquid water has received significant attention from that particular scientific community. Thus magnitudes as the self intermediate scattering function, which can be measured by neutron scattering experiments, have been calculated. [28] [29] [30] Molecular dynamics simulations of the Kerr effect 31 or hydrogen bond dynamics 32 have been also performed to obtain decay data from time correlation functions. However all those computer approximations fail to quantitatively reproduce the experimental value T s ≈ 228 K mentioned above.
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On the other hand the water molecules located within the solvation shell in the immediate vicinity of a biomolecule were termed as 'biological water' by Nandi and Bagchi. 33 Two kind of water can be differentiated: bound and free. Bound water is attached to the biomolecule (charged or polar amino acid groups) by strong hydrogen bonds. Free water defines solvent molecules that exchange with bound water. Beyond that special solvation shell molecules would behave as regular water. Biological water often exhibits longer lifetimes than the bulk. [33] [34] [35] [36] [37] [38] [39] [40] If macroscopic data are considered (i.e. relaxation times), the dynamics of biological water is affected only to a small extent (2-4-fold slowdown) when compared with neat water. [41] [42] However if microscopic data are taken into account, that hydration water dynamics exhibits a slow component neatly smaller than that of bulk water (2-3 orders of magnitude). 38, 43 The residence times of water molecules located in the first hydration shell of commonly studied proteins have been recently shown to exhibit multiple time scales with a significant temporal disorder in the system. [43] [44] [45] The question is if that particular dynamics of biological water is solely due to the presence of the protein or, by the contrary, the dynamics of residence times in free water would also exhibit such heterogeneity of relaxation processes.
The paper is organized as follows. Section 2 presents the details of the all-atom molecular dynamics simulations carried out for free water at ambient and low temperature down to 243 K. We have performed those simulations taking into account that the self-diffusion constant of the solvent molecules decreases with temperature. In 48 In order to follow the dynamics of the solvent at that temperature, a trajectory of 10 nanoseconds was simulated. It was performed in the canonical ensemble, i.e. at constant N, V and T. In order to reach a correct stabilization of the simulated system, we waited 3 ns before starting to collect data. The production run, which amounts 7 ns, was saved every 0.1 ps for later analysis.
With the aim of capturing the dynamics of liquid water at low temperature, equivalent simulations were performed at various temperatures below 300 K down to 243 K. The length of the trajectories was increased at the lower temperatures. As a result, the dynamics of the total 7918 water molecules was monitored during 10 ns for simulations at 288 K and 273 K, 16 ns at 258 K, 25 ns at 248 K and 30 ns at 243 K. As stated above, in order to reach a correct stabilization of the simulated systems, we waited various nanoseconds before starting to collect data: as an example, 3 ns at 288 K but 18 ns at 243 K. Finally, the production runs amount 7 ns for 288 K and 273 K, but 9 ns, 10 ns or 12 ns for, respectively, 258, 248 and 243 K. The root mean square deviation for all the temperatures considered in this work is 1 K.
Since the present work refers to the dynamics of residence times calculated for water molecules as temperature is decreased, the above simulations should replicate, as close 
, where m, r and F are, respectively, the mass, the position and the force field acting on the atom under consideration in the dynamics. η(t) is a noise term with correlation function < η i (t) .η j (t') > = 2k B T(m/taut)δ i,j δ(t-t'). [46] [47] The quality in the reproduction of Table 1 as a function of the temperature.
Results
The dynamics of ambient and low temperature water is analysed in this section through residence times and correlation functions also including a nanoscopic approximation to the problem.
Relaxation at room temperature
The dynamics of water can be described by evaluating, as a function of time, the occupation of the water molecules on a given spatial arrangement (i.e. a spherical region). That occupancy is related to the mobility (diffusion coefficient) of the water molecules through the region considered. Indeed, the dynamical properties of a fluid can be obtained from time correlation functions. [49] [50] [51] [52] [53] Thus we have considered a normalized occupation function defined as 43, 54 Thus, the function C(t) was calculated following equation (1) with a resolution of 0.1 ps, using the data obtained from all-atom molecular dynamics simulations at 300 K ( Fig. 1, inset) . The tendency of the curve consists of a fast initial decay followed by a slower one. This trend cannot be described using a single exponential law. In fact the referred relaxation curve C(t) can be accurately modelled using a stretched exponential Fig. 1 , inset). [55] [56] This function, which contains just two free parameters: the effective relaxation time τ and the stretching exponent β ( 0 < β ≤ 1), was proposed empirically more than 150 years ago for its accuracy and simplicity in describing decay data. The stretched exponential, also known as the KWW (KohlraushWilliams-Watts) function, is often observed in several phenomena in complex condensed matter systems and supercooled liquids. 57 The fit of our data to that expression supplies parameter values τ = 312 ± 3 ps and β = 0.58 ± 0.01. As expected, 21, 57 Stretched exponentials are frequently employed for modelling phenomena characterized by multiple relaxation rates. 58 As an example KWW exponents different from 1 were described for the hydration water of various proteins [43] [44] [45] 59 and for diffusion-controlled processes in molecular luminescence 60 .
Therefore the heterogeneity of decay times reported for the dynamics of water located in the first hydration shell of those proteins, with a stretched exponent of β ≤ 0.5, is not exclusively due to the presence of the biomolecule itself since isolated water also exhibits a distribution of different relaxation times as shown by the large departure from β = 1 it exhibits (β = 0.58 ± 0.01). A particular case is that of water clusters partially or largely confined inside proteins and in the interior of reverse micelles. For that special kind of solvent molecules the dynamics of water-biomolecule hydrogen bonds has been reported to be slower than that of hydration water. [61] [62] [63] Generally clusters of water confined in proteins exhibit even smaller β values than those reported for hydration Moreover we have also calculated the value of the β parameter for spheres of bulk water with a radius of 1.5 and 1.0 nm. A departure from β = 1 is always found with a constant value β = 0.58 ± 0.01. The fact that β is not affected by the radius of the sphere confirms the independence of the temporal disorder of the system versus the dimensions of that sphere. That finding lets to calculate β independently of the radius in consideration. We will exploit this useful result in the following.
Relaxation at low temperature
What is going to happen with those findings if the temperature is decreased from room temperature? In a macroscopic bulk sample several experimental difficulties limit the minimum reachable temperature for liquid water at about an effective 243 K. 23 As reported in the introduction section, the dynamics of liquid water in this temperature regime is of considerable importance due to its technological relevance (atmospheric phenomena 13 , cryopreservation 17 , commercial freeze-drying and lyophilisation 16 , aviation 6 , pharmaceutics 18 etc). With the aim of answering the above question, we have carried out molecular dynamics simulations for free water below 300 K down to 243 K.
The oxygen-oxygen radial distribution functions, g OO (r), have been calculated for pure water at the above temperatures (see Fig. 2 ). These atom-atom pair correlation functions are one of the principal structural descriptors for water. As expected, the three characteristic peaks of liquid water appear as the temperature goes down, in agreement with both experimental and simulated results. 22, [64] [65] The sharpness of the peaks with the temperature reduction illustrates the progressive ordering of the liquid.
Concerning relaxation curves calculated from time correlation functions, we do not report here the stretched parameters corresponding to a sphere of radius 2.0 nm due to Thus below room temperature, and taking advantage of the independence of β with the radius of the sphere considered (see Section 3.1), we have calculated the stretched exponent for a radius equal to 1.0 nm. If the radius of the sphere is decreased the decay time τ goes down, as expected, and the calculation of reliable enough stretched parameters is possible. Thus for r = 1.0 nm, the fit of the autocorrelation functions (eqn (1) ) to a KWW exponential gives parameters τ and β which are shown in Table 2 Table 2 and Fig. 3 ).
The evolution of the effective decay time τ with the temperature is shown in Fig. 4 (inset). It was first noted by Speedy and Angell 20 that many dynamic magnitudes of water (such a isothermal compressibility, viscosity or proton and oxygen spin-lattice relaxation times) change with temperature following a power-law divergence proportional to negative powers of (T -T s ). By extrapolation at low temperatures, those dynamic magnitudes of water would become infinitely large at the 'singular temperature' T s with an extrapolated experimental value of 228 K. In order to check if that is the case for the relaxation times τ of Table 2 , their temperature evolution has been fitted to the expression τ ~ (T -T s ) -γ . The result is showed in Fig. 4 where a nice 
Nanoscopic view at room temperature
To gain a microscopic understanding of the heterogeneity of decay times reported for bulk water, the time that 7918 solvent molecules spend at a distance smaller than 0.40 nm from a given solvent molecule, taken as a reference, has been calculated along the whole room temperature simulation (several molecules of reference were considered).
The results are shown in Fig. 6 . The cutoff of 0.40 nm is also judged as appropriate to compare with water located at the first hydration shell of a biomolecule. 43 The atomic level analysis, depicted in Fig. 6 , shows a wide distribution of residence times, rt(r=0.40nm), ranging from hundreds of femtoseconds to tens of picoseconds (see also As in the case of relaxation (Section 3.1), a similar heterogeneity of residence times has also been reported for the first hydration shell of the inhibitor Barstar. 43 That temporal disorder cannot be solely due to the presence of the protein since, as shown above, bulk water also presents a wide distribution of times itself. However water molecules around proteins like for example Insulin 45 and Barstar 43 exhibit residence times in the range of 400-700 ps or even higher. The big difference between the two type of water, biological and bulk, is that such ultra long residence times are not detected for bulk water (see Fig. 6 
Nanoscopic view at low temperature
In order to explore if the temporal disorder, reported in Section 3.2, is also observed at low temperature, the time that 7918 solvent molecules spend at a distance smaller than 0.40 nm from a given water molecule taken as a reference has been also calculated at 243 K (see Fig. 8 ). Several molecules of reference were considered. A heterogeneity of residence times is also detected when comparing with the data at room temperature (see Fig. 6 ). However the dynamics at this atomic level clearly became slower as the temperature is going down. As an example, the difference between the residence times at room and low temperature (243 K) is one order of magnitude. Thus the longest residence times found at 300 K amounts some tens of picoseconds while those at 243 K increase up to some hundreds of picoseconds (see also 
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shown at T= 243 K in Fig. 9 where it is possible to observe that, at a given time, if a particular water molecule success in being located at the smallest distance of the solvent molecule of reference, that fact does not necessarily implies that this water molecule is going to stay at such a minimum distance during a long period of time. In fact, a distribution of times can be detected (Fig. 9) . The same phenomenon of temporal disorder at atomic level can be observed at room temperature but this time the maximum residence time amounts just some tens of picoseconds while at T= 243 K this value increases up to some hundreds of picoseconds.
Discussion
In the following the results obtained in Section 3 are compared with previous data in the literature and discussed in the frame of different theoretical approximations as the diffusion-trap model 57 , the mode coupling theory [72] [73] [74] or the cage effect [75] [76] . Special attention is paid to the singular temperature T s and the stretched exponent β as well as the presence of 'defects' within the hydrogen bond network.
Relaxation and singular temperature T s
The singular temperature T s , extrapolated from experimental data and predicted for Table 1 ).
The mode coupling theory [72] [73] [74] provides a mathematically well-defined model for describing the slow dynamics in low temperature glass forming simple liquids or in molecular liquids with spherical-symmetric interactions between the molecules. On the basis of that theory, the slowing down of residence times showed in Fig. 4 as the temperature decreases (see inset), could be described as a purely dynamic process. Thus that theory, through a dynamical model, predicts the asymptotic power-law divergence of correlation times and also power-law vanishing of the diffusion constant D as the temperature decreases.
Relaxation and stretched exponent β
In the following we will refer to the dimensionless stretched parameter β = 0.59 ± 0.01 and its constant value throughout the entire temperature range considered (see Table 2 and Fig. 3 ). These two results are in excellent agreement with that reported from experimental determinations for ambient and low temperature liquid water that provides β = 0.6 with independence of the temperature considered. 21 57 A β value of 0.6 has been also revealed for systems as different as metallic and oxide glasses, polymers or polar organic alcohols. 57, 79 A physical origin for the stretched exponent β = 0.59 ± 0.01 (Section 3.1 and 3.2)
can be found in the 'diffusion-trap' model in which β has an inherently topological origin. 57 The model considers a uniform distribution of excitations that diffuse to traps where the excitations are annihilate. The excitations that are closest to the traps disappear first and those that are further away take longer times to reach the traps. It is this kind of memory effect that produces the stretched exponential relaxation. The diffusion-trap model was originally developed to describe not molecular but electronic relaxation in amorphous semiconductors, where excitons diffuse to network defects, but paradoxically it describes the latter much more accurately than the former. That theory predicts β = 3/5 for short-range forces but β = 3/7 for relaxation when long-range forces are present. Therefore the values of the stretched parameter shown in Table 2 three, four, and five hydrogen bonds. 81 Moreover experimental evidences suggest that the ideal tetrahedral network is not perfect but contains 'defects' such an extra (fifth) molecule in the first coordination shell. [82] [83] The two alone non-bonding pairs of electrons interact not with two, as expected from a perfect tetrahedral coordination, but with three protons from three different molecules. These 'defects' would be caused by an increase/reduction of molecules in that shell with respect to a tetrahedral coordination. Therefore it seems to be reasonable that in the case of water, molecules with a coordination number higher than 4 could act as excitons while solvent molecules with a coordination number lower than 4 could behave as traps.
We should test if our simulations can detect the presence of such defects. Thus we have calculated the number of hydrogen bonds that, as a function of time and at atomic level, a given water molecule taken as a reference can establish with their neighbours at room temperature (several molecules of reference were considered). The results are presented in Fig. 10 , upper part, where it is shown that the first hydration shell contains different kind of 'defects' as a function of time (up to six hydrogen bonds per water molecule). As probably expected, the extreme configurations are much less visited.
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Moreover investigations considering water reorientation at room temperature, found that in the vast majority of H-bond breaking events, a new H-bond partner is unavailable and the reorientation of the solvent molecule is unsuccessful; successful reorientation would require this availability. [84] [85] [86] [87] On those basis, a water molecule exhibiting a tetrahedral coordination of hydrogen bonds and surrounded by solvent molecules also possessing such a coordination would be a good candidate to high residence times (see nanoscopic view, Section 3.3) because of its lower mobility due to i) a more tetrahedral first hydration shell and ii) less available H-bond partners. By the contrary a water molecule with a high local deviation from tetrahedrality ('defects') and attached to solvent molecules also exhibiting that situation would be a good candidate to low residence times (see nanoscopic view, Section 3.3) because of its higher mobility due to i) a less tetrahedral first hydration shell and ii) more available H-bond 'defects' from the surrounded solvent molecules.
In addition the increase of the decay time τ as the temperature decreases ( Table 2 , Fig. 4 inset) could be also interpreted considering the dependence of the 'defects' with temperature together with the cage effect [75] [76] , i.e. the confinement of molecules due to the interactions with neighbouring molecules. Considering a tagged particle, if the other liquid particles were fixed, the tagged one could not move very far.
It would be confined in a cage formed by its neighbours. It can migrate only through rearrangement of the particles surrounding it. The neighbours can move because their neighbours move and so on. On the other hand the local structure of hydrogen bonds evolves more tetrahedral as the temperature goes down, moving through that of ice. 88 The structure of the liquid changes: a more perfect tetrahedral hydrogen bond network is approached. At this point we should test if our simulations can detect that particular behaviour. Then we have calculated the number of hydrogen bonds that, as a function 89 Please compare the upper and lower parts of Fig. 10 where the decrease of 'defects' is evidenced at atomic level as the temperature moves from ambient to 243 K. Therefore as the number of 'defects' decreases on cooling, a given water molecule will be longer confined in its cage due to a higher number of neighbours presenting tetrahedral, and then more stable, coordination. Since the relaxation time τ would be related to the lifetime of the cage, larger τ values would be expected for water as the temperature goes down due to a decrease on the number of 'defects'.
Recently Saito et al 8 have calculated the temperature dependence of tetrahedrality of water molecules and found a growth of the tetrahedral structure with temperature reduction down to temperatures as low as 205 K. They have correlated such a growth with the rapid increase in the simulated specific heat C p down to ~ 220 K.
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Main Conclusions
The relaxation of residence times, calculated for solvent molecules located in a nanodrop of free water modelled as a sphere of nanometric dimensions, has been found to be well described by a stretched exponential function exp[ -( t / τ ) β ] at both ambient and low temperature (300 -243 K). As this magnitude decreases τ increases
showing a divergence at a singular temperature T s = 227 ± 3 K. The value of the stretched exponent β = 0.59 ± 0.01 indicates the existence of multiple decay time scales and significant temporal disorder in the system. It also shows: i) that the relaxation process is dominated by short range molecular decay channels dismissing longer range interactions, ii) an effective dimensionality of the pathways involved in the excitations decay d eff ≈ 3, and iii) a fraction of activated channels for the relaxation process f ≈ 1.
The independence of β with temperature suggests that this mechanism applies not only at ambient but also at low temperature within the range considered (300 -243 K). The presence of such a distribution of decay times for liquid water is explained on the basis of the existence of multiple residence times at the nanoscopic scale. Physical Chemistry Chemical Physics Accepted Manuscript Fig. 1 . Normalized residence time correlation functions for liquid water. C(t) represents the number of water molecules that remain in the region of interest at a given time t with respect to that number at the initial time. In this case the region of interest considered is a nanodrop of bulk water at 300 K (inset above) and 243 K (curve below). The symbols are data points obtained from molecular dynamics simulations performed on neat water using eqn (1) (see Section 3.1 and 3.2 for details). The continuous line represents the best fit using a stretched exponential function Table 2 for results). Table 1 ). The straight line illustrates the power-law .40nm) ). The data corresponds to room temperature bulk water at T= 300 K. If a given water molecule (y-coordinate), at a particular time of the simulation (x-coordinate), is located at a distance of the reference smaller than the cutoff, then a cross appears at the corresponding (x,y) location. If the distance is higher or equal than the cutoff, a blank is settled instead. The length of the lines inside the figure provides the value of the resident time rt(r=0.40nm) for each water molecule. In some cases the lines reduce to a single point. Temporal resolution: 0.1 ps. The presence of multiple time scales can be clearly seen at this atomic level. Please mind the x-axis scaling when comparing with low temperature data shown in Fig 8. Data calculated using the GROMACS software package. .40nm) ). The data corresponds to low temperature bulk liquid water at T= 243 K. If a given water molecule (y-coordinate), at a particular time of the simulation (x-coordinate), is located at a distance of the reference smaller than the cutoff, then a cross appears at the corresponding (x,y) location. If the distance is higher or equal than the cutoff, a blank is settled instead. The length of the lines inside the figure provides the value of the resident time rt(r=0.40nm) for each water molecule. In some cases the lines reduce to a single point. Temporal resolution: 0.1 ps. The presence of multiple time scales can be clearly seen at this atomic level. Please mind the x-axis scaling when comparing with room temperature data shown in Fig 6. Data calculated using the GROMACS software package. Water molecule identification number Simulation time (ps) Fig. 9 . Map of residence times for water molecules located at the smallest distance of a given solvent molecule taken as a reference. If a given water molecule (y-coordinate), at a particular time of the simulation (x-coordinate), is located at the smallest distance of the solvent molecule of reference, then a cross appears at the corresponding (x,y) location. On the contrary if it is not situated at that smallest distance, a blank is settled instead. The length of the lines inside the figure provides the value of the resident time for each water molecule. In some cases the lines reduce to a single point. Temporal resolution: 0.1 ps. This figure shows that, at a given time, success in being located at the smallest distance of the reference does not necessarily imply success in staying at such a minimum distance during a long period of time. Data calculated on bulk liquid water at T= 243 K using the GROMACS software package. Water molecule identification number Simulation Time (ps) Fig. 10 . Number of hydrogen bonds (HB) that a given water molecule taken as a reference can establish with their neighbours at room and low temperature (300 and 243 K, respectively). As shown, the coordination of the first hydration shell as a function of time presents up to six hydrogen bonds per water molecule. Moreover, the number of 'defects' decreases with temperature: a more perfect tetrahedral hydrogen bond network is approached for low temperature data (list of percentages of hydrogen bonds at 300 K and 243 K, respectively: 1.3% and 0.3% (1 HB), 10.7% and 5.2% (2 HB), 35.0% and 27.6% (3 HB), 45.5% and 59.8% (4 HB), 7.3% and 7.0% (5 HB), 0.2% and 0.1% (6 HB) ). Time resolution: 0.1 ps. See text for more information (Section 4.3). Data calculated using the GROMACS software package. Manuscript TABLE OF CONTENTS ENTRY ( GRAPHICAL ABSTRACT ) A method to predict magnitudes in quantitative agreement with experimental data has been devised and applied to model water-water interactions at low temperature.
